The out-of-plane vibrations of aromatic molecules are studied. Theoretical considerations are based on the "classical" Whiffen force field. The new approximation contains five numerical parameters and is considerably simpler than the one of WhifFen with seven parameters and substantially more interaction terms. The five-parameter approximation is applied with success to benzene and naphthalene.
Introduction
The in-plane vibrations of condensed aromatics have been studied by many researchers. The major part of the previous papers in this series [1] [2] [3] [4] [5] deal with this problem. Numerous additional works are cited therein. Quite recently the same problem has also been taken up by Ohno [6, 7] .
In comparison to this large amount of work the out-of-plane vibrations of condensed aromatics have been offered much less attention. It suggests that the problem may be more difficult (as also is our experience), in spite of the fact that the number of out-of-plane modes, i.e. N -3, in a planar (nonlinear iV-atomic) molecule invariably is smaller than the number of the in-plane modes, which is 2N -3.
Two "classical" works on the out-of-plane vibrations of conjugated systems have appeared, both in 1955 [8, 9] . In the paper of Coulson and Senent [8] the out-of-plane vibrations of ethylene, benzene and naphthalene are treated. The developed force field contains only two force constants. We agree that a small number of parameters is an essential virtue of the force field approximation. A critical examination of the Coulson-Senent force field shows, however, that it does not meet the modern standards of accuracy in view of more recent experimental evidence. Whiffen [9] developed a seven-parameter force field with numerical force constants adjusted to the out-of-plane frequencies for benzene. This method of approximation has been applied to naphthalene by Scully and Whiffen [10, 11] , and later to anthracene [12] and pyrene [13] by others. The Whiffen force field reproduces satisfactorily the experimental frequencies in the relatively few cases where it has been applied. However, it has some deficiencies of a principal nature: (a) The number of parameters should be decreased and the force field should be simplified, if possible, within a reasonable approximation, (b) The rules for application to an arbitrary condensed aromatic should be more definite. In the existing applications [9] [10] [11] [12] [13] it seems necessary to introduce special conventions in each case.
Another attempt to produce a force field approximation for the out-of-plane vibrations of aromatic molecules is reported in the first part of this paper series [1] . It is the out-of-plane part of the approximation with seven parameters (three out-of-plane parameters). The numerical values were adjusted to experimental frequencies for naphthalene and seemed to be applicable to certain other condensed aromatics. The approximation failed for benzene [1] , however, and further investigations showed it to be unsatisfactory in general [2] . Tables 1 and 2 show the application of the three approximations discussed above for benzene and naphthalene, respectively.
In view of this discussion it seems highly warranted to seek for a new approximation of a force field for the out-of-plane vibrations of aromatic molecules. Such a force field should fulfil the following conditions. It should (a) be simple and contain as few parameters as possible, (b) be transferable to any condensed aromatic according to strict rules, (c) reproduce modern experimental frequencies satisfactorily and (d) be useful as an aid in the assignments of observed frequencies.
Theoretical Considerations

Cartesian Displacement Coordinates
Both of the pioneering works cited above [8, 9] work with the out-of-plane cartesian displacements [15, 16] . These coordinates are used to construct different internal coordinates by linear combinations. It seems attractive, as a new approach, to assign a force constant directly to every cartesian displacement along with interaction terms, if necessary. Some theoretical implications of this approach seem to be of interest to be reported here, although the method did not lead to an acceptable approximation of the force field at the present stage.
In order to inspect this possibility we have considered the simplified molecular model of a benzene ring (Figure 1) .
Let us assume a two-parameter force field defined by jz and fzz. Here fz is the main force constant associated with a cartesian displacement, Zi(i = 1, ..., 6), while fzz designates the interaction term pertaining to two neighbouring (directly bonded) atoms. Hence the potential energy contains the terms with zi 2 , Z2 2 , ..., Z1Z2, Z2Z3, ... . We wish to emphasize the validity of defining the force field in terms of external displacement coordinates. Nevertheless it is a representation of the usual (internal) force field, as is demonstrated in the following. The six-atomic system of Fig. 1 gives rise to three outof-plane vibrational modes, which are described by the symmetry coordinates (S) [16, 17] 
The six dependent external coordinates z<., assuming the Eckart conditions [16] to be valid, may be expressed unambiguously by the above three symmetry coordinates through the A matrix; in Cyvin's [16] notation: The result is:
The conventional symmetrized force-constant matrix, F, is obtained by
where ix is based on the z* coordinates. The analytical solution of the problem yields
F(E2u) = -^(fz-fzz).
The normal coordinate analysis is easily accomplished in this case since we know the corresponding G matrix elements [16] :
If we assume a one-parameter force field approximation putting jzz -0, we obtain eo(B2g) = co(E2U) for the frequencies from the above equations, remembering that [15, 16] GF = 47r 2 c2ft,2. This accidental degeneracy seems not to be reasonable. We know it is wrong if we can assume the skeletal frequencies of benzene as appropriate to the model in question. They are (in cm-1 ) [14] : co(B2g) = 707, O>(E2u) = 398. Consequently we should at least have one nonvanishing interaction force constant. The attempt to adjust the two parameters fz and fzz to the above numerical frequencies failed completely. It led to negative values for both of the parameters.
Internal Valence Coordinates
A different theoretical analysis was performed, taking advantage of the work of Whiff en et al. [9, 10] , but using the modern formalism in terms of the T matrix [18] . The analysis was found to add to the understanding of the main features of the Whiffen force field.
We have adopted the numbering of atoms in a six-atomic fragment of an aromatic molecule from the cited work [10] ; for the sake of convenience it is reproduced in Figure 2 . For the sake of simplicity we assume all the interatomic distances to be the same, say D. Following Whiffen et al. [9, 10] also all interbond angles are assumed to be equal, viz. 120°. Under these conditions we can define two out-of-plane bendings [15] (cf. 
Here the coordinates are expressed in terms of the out-of-plane cartssian displacements [17] . Scully and Whiffen [10] introduce the two types of out-ofplane coordinates (i) deformation and (ii) twisting. This coordinate appears to be proportional to Whiffen's twisting.
At the same time it is natural to define another combination of the torsions, viz. Scully and Whiffen [10] argue, with reference to previous works [9, 19] , that the interaction term between y and e is much smaller than between y and <5. We shall find a sound theoretical basis for the validity of this statement . The alternative (b) is more general than (a) and is going to be exploited as a guide for a simple force field approximation.
In conclusion we can formulate the following recipe for producing a force field approximation of the out-of-plane vibrations in aromatic molecules.
(1) Define two torsions for every CC bond, corresponding to <5 and d'. This requirement implies the definition of "outer" torsions of the types HCCH and HCCC in addition to the "inner" CCCC. All the torsions are of the "boat" form.
(2) Assume a considerable interaction term between two such torsions, in fact of the same order of magnitude as the main torsional force constant.
(3) All other interaction terms may tentatively be neglected.
(4) Main force constants are also attributed to CH and CC out-of-plane bendings. We adopt the convention to include one out-of-plane bending for every C atom. In every case the three surrounding atoms (of which one may be an H) move in one direction while the given central atom, C, moves in the opposite direction. If all interbond angles are assumed to be equal (120°) this convention gives a prescription for an unambiguous selection of coordinates of this type. Even if we use accurate structural data with angles slightly deviating from 120° we may assume that the ambiguities in the construction of the approximate force field are insignificant.
New Out-of-plane Force Field Approximation
The benzene and naphthalene molecules were used to fix the numerical values of the parameters of a new force-field approximation for the out-ofplane vibrations of conjugated systems. The principles outlined in the above theoretical part were followed. A scrutiny of the analysis of benzene made it clear that the invalidity of the simple approximation [1] can be traced back to the lack of interaction force constants. Not only are all interactions in terms of the valence coordinates neglected; also the cf. Table 3 The same value is not counted twice when it applies to different types of torsions and interactions.
Benzene
The new force-field approximation applied to the out-of-plane vibrations of benzene imply three parameters: (1) fy for the 6 CH out-of-plane bendings, (2) fd for the 6 CCCC and 6 HCCH torsions, and (3) föö for 6 torsion/torsion interaction terms.
The force field was expressed in terms of the symmetrized F matrix based on standard symmetry
coordinates [17] with the result of Table 3 .
It is interesting to compare the present results with those from Whiffen's approximation [9] , which we have reproduced. The symmetrized F matrix is included in Table 3 Table 3 .
The five parameters of interaction in Whiffen's approximation give rise to 33 interaction force constants in the matrix based on valence coordinates (twistings and deformations). The matrix is shown in Table 4 . It is found to be considerably more complicated than the corresponding one in our new approximation (6 interactions versus 33).
The numerical values used by Whiffen [9] for benzene were found to be slightly different from those reported as being applicable to aromatics in general [10, 12] . Here we give the values applied in our recalculation for benzene; they are extracted from Whiffen's work [9] and converted to the units of mdyne/Ä by removing the scaling factors. Some of the differences from the values reported in the later works [10, 12] are slightly more than round-off errors. In one of the works [10] the factor COS(TT:/6) in the definition of the twisting coordinate should be reversed to 1/COS(TT/6); it is given correctly in [12] . Table 5 shows the calculated frequencies from our new force field and our tentative reproduction of Whiffen's results. The discrepancies with Whiffen's original calculations (see Table 1 ) are not larger than it might be expected, especially because of the few significant figures (two or three) for the force constant parameters reported in Whiffen's paper [9] . The agreements of the calculated frequencies from our new force field with observed frequencies are seen to be comparable with those from Whiffen's force field; see Table 5 . The only discrepancy of some seriousness occurs for our low B2g frequency, but does not violate the good picture in general.
The crucial test for the success of our force field, of course, is the possible transferability of the numerical parameters to other aromatic molecules. 
Naphthalene
The new force field with five parameters was applied to naphthalene. The following terms were accounted for: (1) fv for the 8 CH out-of-plane bendings, (2) fv* for the 2 CC out-of-plane bendings of the middle bond, (3) /<} for 22 torsions, two for each CC bond; they are 6 of the HCCH type, 4 HCCC and 12 CCCC, (4) föö 10 torsion/torsion interactions; 6 of the HCCH/CCCC type and 4 of HCCC/CCCC, and finally (5) fM for one CCCC/CCCC interaction of middle-bond torsions. Table 6 shows the calculated frequencies from our force field along with an experimental assignment (see also Table 2 ). The observed frequencies are adopted from the quotations of Krainov [20] , which also are quoted elsewhere [1, 21] , except for the third frequency of Species B2g; cf. Table 2 . Krainov [20] has selected the observed frequencies from nine different works. Except for the mentioned frequency (846 cm -1 ) his assignment is compatible with the one of Scully and Whiffen [11] . We have adopted the value 778 cm -1 [11] for this frequency because our analysis strongly supports the choice of Scully and Whiffen [11] on this point, in contrast to the calculated value of Krainov [20] . The calculated frequencies of Krainov [20] (see Table 6 ) reproduce very accurately the observed values of his assignment. They have emerged from an elaborate force field at variance with benzene and con- taining numerous interaction terms. On comparing the results from our five-parameter approximation (Table 6 ) with those from Whiffen's seven-parameter approximation (Table 2) we find them to be comparable; they are definitely not worse from our exceedingly simple force field. To be precise, our approximation gives a better agreement with the adopted experimental data for eight frequencies and worse for seven.
Future Prospects
The present approximation has also been applied to anthracene and pyrene, the additional molecules which have been treated [12, 13] by the method of Whiffen et al. Details of these results are the subject of a future publication. Already now it is clear that the analysis has confirmed the success of our fiveparameter approximation. The numerical values were all transferred from benzene and naphthalene without introducing any additional parameter.
